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Results of rA_snsonic Wind Tunnel Investigations to Determine the ETfects

of Nozzle Geometry and Jet Plume on the Aerodynamics of a Body of Revolution.
_0.

By: James H. Henderson

ABSTRACT

A transonic wind tunnel test was conducted by the Army Missile Command,

Redstone Arsenal, on a base drag research missile model in the Cornell Aero-

nautlc_Ll Laboratory (CAL) C-Foot Transonic Wlnd Tunnel during June 1972.

t

The teat was conducted to investigste the effects of nozzle geometry on

Jet plume characteristics at high thrust levels and to study the effects of

nozzle geometry on base pressure at low thrust levels. Model external and

nozzle inte_mal static pressure measurements were msde on several nozzles,

while base pressure measur_ments were obtained on all nozzles.

&

The investigations were conducted at Mach numbers from .70 to 1.20 over

an angle of attack range fr_ -6 to +6 d.e_rees.

This report presents details of the test program, an outline of the teat

procedures and the res,Alts of the investigations in plotted form.

?
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NOMENCLA_J _

S_AC
SZM_OL S_M_OL DF_ION

CT CT ._ozzlc thrust coefficient

D_ Nozzle throat diameter - inches ""

DA Shrc_*d internal diameter _ 2 inches :

D_ DB Or D Mod_L bod_ diameter = 2.50 inches

D_ DLA-J Nozzle exit diameter - inches !

L Nozzle length - inche_

M_ MACII .Nominal free stream Math number

Mj MACH-J Nozzle exit Mach number _-

PC PL Local static pressture - psf

Pm PF Freestream static pressure - psf

Pb PB Base static pressure - psf ,_-

Pc PC Nozzle chamber total pressure - psi ,;

pf Face s%atlc uressure - per

PJC Static to total pressure ratio at the nozzle exi_ t

(1+ -3.5

PT PT _unnel toter pressur=. - pal _

R Sonic thrbat radius Of cervatume in the axial _
direction - inches

T_ Axial dimeDsion, measured from nozzle throat- inches :

U Radial dimension, measured from nozzle cen_erline -
inches '_

X X Distance of pressure Orifice forward of mo_el base- ,,
inches

a ALPE__ Model angle of attack - degrees, positive nose up

8J THETA,,T Nozzle exit angle - degrees /.
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INTRODUCTION

During the past few years, the ,_rmy Missile Command has been interested

in the varlous effects of the propulsive Jet ol_ missile serodyTismics. _A_ese

effect_ include the detrimental effe=ts due to Jet plume_ at high levels of

thrust, high levels of &rag on the mis_lle afterbody due to low and moderate t

. thrust lev_..! _-4"+°o_,and the effects Of various Jet parameters on predletion -_ -,

of optimum afterbo_y shape for improvr.d drag and stability characteristics.

Pasttransonictests(referenceI and o) at Cornel&AeronauticalLaboratory _._:_

(CAL) and su_rsonic test (reference 3) ha_ indicated that adverse plu _-

_, effects could be alleviated by changes in nozzle g,_ometry. For example

lengthening the divergent portion of the nozzle delays the onset of adverse

• effects to higher levels of thrust (reference 4 ). gince increasing nozzle

length results in increased missile weight and length, tradeoffs _re neces- !

sary to arrive at the proper design. The primary purpose of the present

test io to inv_stlgate effects of nozzle geometry on Jet plume characteristicso

A secondary purT_se is to investigate nozzle geometry effects on base pressure

at low !ev_,Is of thrust where base drag is important. ,i_
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CONKTGUP _TI0_S INV_TIGATkD

_': The basic strut-moimted model utilized for these tests consists of a

ii body of revolution, 2.5 in('hes in diameter and 32.5 inches in length h_ng
-)

! a _-caliber tangent ogive nose and a cylindrical a£terbody. Cold dry air,

_i is suppl_ed to the nozzle throu@h a holl_w _wept strut which also house_
i
"I

i the instrumentation lines and supports the model to the standard sting sup-

port system of the CAL facility. A drawing of the model installed in the

tunnel is given in FiSsure i. Figure 2 shows close up photographs of s_-veral

confignlrations tested.

Nozzle configurations investigated incluaed five conical shapez_ four

' contoured shapes and three shrouded nozzles.

Fach conical nozzle had an emit Mmch n_ber of 2.7_ The Jet exit to

oasp diameter ratio (Dj/DB) varied between 0.60 _nd 0.95. Nozzle geometry

and static base pressure orifice locations are s_mamrized in Figure 3. No

nozzle internal static pressures were measured for tlzeconical shapes.

Geometry and pressure instrur_nt_tion details for the contoured nozzles

are presented in Figure h. °A_e(-I) nozzle, _._hichis 4.803 inches long, ts

designed to have uniform exit flow with an exit M_ch number of 3.0. _ozzlgs

(-2) and (-3) have the same geometry as nozzle (-I) but have been cut off to

lengths of 3.8 inches and 2.6 inches, respectively. Their exit Matt numbers

are 2.9 '_nd2.7,respectively. Nozzle (-)_)is ___igned as a uniform exit flc_

nozzle wltb _,nexd.tMacb number of 2.7 having the same th_.o_t geometry as ',_be

first t.hreenozzles. Internal static pressures are measured on nozzles (-1).,

(.o), on1 -.
!

/
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The test consi_te_ of T1 runs ,_'_'_i_wblcb the _l ._len_ pressure

i'._ _he of attack vmrle_ wh_l_ _ 1_ree-stream test co_dition_
or _e was

i were held constant s_ varica_sMa_ nambers. The tunnel was operated witha constant mass Of air in _he circuit coF_.,spol)_Ln_ _O a wind-ofT total
pressure of .25 a_r_ospheres. On( series of runs wae conducted a_ con-

I diZions correspomdlng to a wind-o.+.Ttotal iEessure of .70 atmospheres.

Due _.o,h-_ reduced eff_clency of the tunrml evac_atlo_ pumps at _._.he!ow

density at _;hlc_%the tunnel was operated, the large arx)unts of air which

,m were at times injected into the tunnel circuit _brough the nozzle could

" not always be pumped out fast enough, resulting in ,_i._htvariations of
!

the test conditions throughout a run. A detailed run _chedule is pr."-'._nt_d

in Table I.

The tunnel facility _ and 15 pounds per second air supply syBtem_,

which deliver cold dry air, were used consecutively in order to obtain the

required range of model plenum prcs_ares durtug _ ru_. A leak was found ID

tne _ po_mds per second system after Run 6, rem,l_Im_ in t_.euse o_ the I

and 15 pounds per second systems f_r the rounder of the te_t.

The mode/ was supported by a hol/ow sw_p_ st_,_t,thro,,_, which the nozzle

air was supplied, and wbdca also ho_ed the In_um_tati_ lines. The strut

in turn was mortared in the s_sn_ st_n_ $u_p_ _y_em. _ model installa-

tion drawing IG ,_howuin 1_e i.
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Each nozzle also contained i0 external surface s_tic pressure orifices

in addition to the internal surface stati- and base pressure orifices. One

totel and two s_tlc [_z'essure _rlfices _erc Ins+_Lled in thp model plenum

cheer.

T_e external nozzle surface and base static pressures were _eu_ured by

two 12.5 psi pressure tre_educers In t_o Sce_Ivalves m_ted on the model

support strut. The nozzle Intezr_l surfece static pressure orifices were

measured by fowr 500 an_ six lO00 p_l pressure trensducers. _ue pressures

in the model plen_ chamber were_measured using two 1500 psi and one 2000 psi

pressure transducers.

The weight flow throu_ t_e hlg_ pressure air supply _ye_ems was measured

using _ standard cTifice plates (Reference 5). "l_estatic pre_sure8 up-

s stream of the orifice plates were meesured with 2500 psi pressure transducers

and the _ifferential preesure_ acrosr the orifices with 200 or 250 psi pres-

sure t_,_sducers o

The t_mperatures upstream of the orifice plates and in the model plenum

were measured with five iron-constanten ther_ocoupleso

The model an_les of attack were set usin_ electrolytic potentio_eters.

An_les of attack were monitored at all times usin_ the angle of attack digital

voltmeter (Reference 6).

The _ious pressure transducers used during this program were calibrated

?
prior to testing by applying static loads as discussed in Reference 7. _ae

electrolytic bubbles and the an61e of attack digltal voltmeter were calibrated

with a precision inclinometer d_._ingt_e installation of the model in the test

_ectlon.

A co_plet_ description of the Cornell Aeronautical I_oratory 8_Foot '_

Transonic Wind Tunnel is contained in Reference 8.

8
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DATA REDUCTION AND ACCURACY

No corrections of any type have been applied to the data contained in
!

this re_ort to account for wind tunnel wall. effects. It has been found that

: within the accuracy required, theoretically determined wall interference
l

corrections do not have to be applied in the perforated test section of the

C9_ 8-Foot Transonic Wind Tunnel, if the blockage produced by the model does

not exceed a maximum of i percent.

Above a Mach number of i, the perforated wa]ls are effective in attenu-

ating shock and expansion waves ems_nating from the model, thus reducing the

effect of reflections from the walls. Although complete attenuation is not

obtained, experience has indicated that in general the effect of residual

reflections is negligible on a model of this size. Some experimental substan-

tiation for this belief is presented in Reference 9.

It is estimated that the model angle of attack was measured

with an accuracy of +.05 degrees.

"_e pressure transducers in the Scanivalves were calibrated to an accu-

racy of +2.poands per square foot. _e pressure transducers measuring dif-

ferential pressures from the metering orifices and the pressures from orifices

2_ through 27 were calibrated to an accuracy of .08 pounds per square inch.

The transducers measuring the pressures from orifices 28 through 33 were cali-

brated to an accuracy of .k pounds per square inch, while the transdueer_

measuring the plenum chamber pressures and the high M?essure air nul,ply ';;/:;b.., ._

llne pressures were calibrated to accuracies of 1.25 and 2 pounds per square

inch, respectively.
¢

i i i I I _ _ I I I I i _ _ I I I _ _ _ _ I
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Repeat points were not obtained during the test making an estimate of

._. the data repestability impossible.

The nozzle Jet thrust coefficient_'ascalculatedby the follo_ing

, equations:

(Contouredand conical nozzles)

cT = [(Dj/DB)21 [(PJC) (pdpj(i_)(l.4 _ + !) o.(1)]I[(.V)(MJI

(Shroudednozzles)

+ f!DA)2 " (DJ)2--] [!Pf/P_)" (li]1 _'_L(,,'L-(_,('o,'i
!i where pf = average nozzle face pressure = (P2_ + P26 �P27)I CA)

i0
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MODEL PHOTOGRAPH

BASE DRAG RESEARCH MISSILE MODEL '

Figure 20
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MODEL PHOTOGRAPH

BASE DRAG RESEARCH MISSILE MOOEL

Figure 2b
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